An environmental chamber was built to evaluate the effect of weather parameters and swath density that affect the drying rate of grass during field drying. A series of 52 drying experiments were conducted on corn stover of which 27 were used for model development and 25 were used for model validation. Both radiation and vapor pressure deficit improved the drying potential of corn stover, therefore drying in wide swaths is recommended to take advantage of solar radiation. The effect of wind speed was variable and was found to be dependent on solar radiation. During day time, an increase in wind speed removed the heat produced by radiation and thus decreased the drying rate. However at night time, the wind speed was positively correlated with drying rate. For this reason, separate drying rate models were developed for night time and day time conditions. Swath density was negatively correlated with drying rate which suggested that biomass should be dried in wide swaths if possible. This fact was confirmed with the field drying trials in which low density swaths reached safe storage moisture within a day or two after harvesting. Whereas, on most occasions, high density trays did not reached a safe storage level after 3 days of field drying. During drying, a rainfall event also affected the conditioned biomass more severely which was drying in wide swath than high density windrows. Therefore, an appropriate decision should be made based on the forecasted weather conditions to minimize the time spent by crop during the field drying period.
Introduction
The updated billion ton study, estimates an availability of 370 million dry tons of biomass from forest resources and 1 billion dry tons from croplands under high yield and large scale planting scenarios (Perlack & Stokes, 2011) . Biomass feedstock, such as switchgrass (Panicum virgatum L.) is recognized as leading bioenergy crop for bioethanol production. Switchgrass is a warm season (C4) energy crop, native to central, midwestern, and southeastern United States (Lemus et al., 2002) . Crop residues such as corn stover has also been recognized as major contributor for bioenergy and bio-based applications (Yu et al., 2014) . Corn stover consists of the stalk, leaf, cob and husk portion of the plant and have potential annual yield of 130Tg and can produce 38.4 GL of bioethanol (Kim & Dale, 2004) .
Switchgrass harvested at early stage of maturity have much higher moisture of 70% and require field curing period to reduce moisture to safe storage level of less than 18% (Khanchi et al., 2013) . Womac et al. (2005) also reported that moisture of corn stover harvested early was 34.1% and it was significantly higher than late harvest moisture of 15.3%. The field drying period can vary depending on crop characteristics, environmental conditions and swath structure. As the crop lies in the field, moisture migration takes place between the crop and the environment, until suitable equilibrium moisture is attained. Generally, field drying time of grasses varies from 2 to 7 days. Drying time is reduced to 3 to 4 days when the grasses are spread in thin layers and weather conditions are favorable (Haghighi, 1990; Moore & Peterson, 1995) .
Crop characteristics such as yield, stem diameter, leaf to stem ratio, and swath structure can increase or decrease the moisture migration during field drying (Rotz & Shinners, 2007) . Density and thickness of the windrow significantly impact the drying rate of crop in the field. Spreading the crop in a wider area results in better drying rates. Higher yield and narrow width results in higher density windrow, which dry at a slower rate compared to a thin and wide swath containing the same amount of biomass (Moore & Peterson, 1995) . A thick windrow also block the air movement, which carry moisture away from the lower layers to the ambient atmosphere. Freshly harvested biomass is also high in initial moisture and forms a compact windrow that resists wind penetration. Wind circulation through the windrow can be enhanced by making the windrow more fluffy using a raking operation. Sometimes, after the raking operation the biomass again settles into a thick windrow which restricts further drying. This can be avoided by performing the raking operation when the biomass is relatively dry (Moore & Peterson, 1995) .
Environmental factors such as solar radiation, wind speed, air temperature, relative humidity, and soil moisture influence the drying behavior of crops in the field. These weather parameters are highly correlated and make it difficult to analyze the effect of individual parameter on drying rate of biomass (Borreani & Tabacco, 1998) . From all the environmental factors solar radiation has the highest impact on drying rate (Bartzanas et al., 2010; Khanchi et al., 2013; Smith, 1990) . The impact of wind is also related with solar radiation. It was reported that at high radiation intensity, increase in wind speed decreases the drying rate of switchgrass (Khanchi et al., 2013) as some of the heat energy used to increase the temperature of swath is carried away by the wind. However, at low radiation intensity, increase in wind speed improves the drying potential of switchgrass depending on the air temperature (Khanchi et al., 2013) . A similar variable effect of wind was also observed by Wright et al. (Wright et al., 2000) during drying of rye grass. They suggested drying of grass in fluffy windrows to promote drying by wind under cloudy conditions.
A number of models have been developed, that can simulate the influence of environment on field drying of crops. Both field drying and lab drying studies have been conducted to evaluate the effect of crop architecture, weather conditions, and plant characteristics. Multiple linear regression equations were developed by Womac et al. (2005) for predicting on field moisture content of corn stover after harvest in Southeastern U.S. conditions. The regression equations were based on environmental conditions, rainfall, relative humidity, and evapotranspiration. They concluded that increased elapsed time after sowing/harvest, evening harvest times, and the immediate exposure history of corn stover to available moisture and drying potential are beneficial for strategic collection of corn stover at minimum moisture content. also evaluated the influence of shredding, swath density and weather conditions on final moisture content of corn stover in Wisconsin, U.S. They found that during 2002, when the average daily temperature was 5
• C in mid to late October, only shredded corn stover placed flat and in windrows reached close to the safe storage moisture of less than 20% in 5-7 days. In the second study, none of the treatments reached below 40% in 10 day drying period showing the importance of weather conditions in drying of biomass. In 2003, when the drying conditions were good, the treated stover reached the moisture content to less than 20% in 4 days. However, when rain interrupted the drying none of the treatments reached below 20% after 10 days of drying. Drying studies on switchgrass are very limited. Shinners et. al. (2010) also studied field drying rates of switchgrass and reed canary grass. They found that under good drying conditions (14 to 30
• C) switchgrass dried more quickly when placed in wide swath. In all the cases, the crop was below 20% moisture content in the afternoon of the day after cutting and in some cases reached baling moisture in a single day of drying. An empirical model based on maturity stage and environmental conditions for thin layer drying of switchgrass was also developed by Khanchi et. al. (2013) . They found that solar radiation was the most important factor influencing the drying rate of switchgrass. However, an empirical drying model to predict drying rate of switchgrass and corn stover which incorporates swath density is still lacking in literature. Therefore the present study focus on developing an empirical model based on weather conditions and swath density for both corn stover and switchgrass. The design of the environmental chamber developed by Khanchi et al. (2013) is further improved to minimize the variation of wind speed and radiation intensity tested during the study.
Material and methods

Construction of environmental chamber
The environmental chamber or wind tunnel was constructed from wooden framed structure and was 4.6 m long and 1.77 m in height above the ground. The chamber was divided into settling section and the test section. The settling section was 1.0 m high, 1.0 wide and 0.85 m long. The test section was 0.45 m high, 0.45 m wide and 2 m long. There was a transition nozzle section in between settling and test section which was 0.64 m long. The dimensions of settling section and test section were selected to achieve the desired uniformity and wind speed in the test section where the drying trays were placed for testing. The test section had a door with plexi glass inspection window for loading and unloading of the trays. along the height of the test section. The axial fan creates lateral mean velocity variation as well as swirls in the air flow which has to be minimized before it reaches the test section. A honey comb, screens and transition nozzle structure were used to improve the flow of air inside the wind tunnel. The details about the functionality and selection criteria of honeycomb, screens and turning vanes is discussed in detail in the previous study (Khanchi et al., 2013) .A honey comb structure made of PVC tubing having a cell diameter of 0.0254 m and a length of 0.15 m was used. A single screen placed after the honey comb structure was used with a porosity of 0.6. The transition nozzle placed in between the settling and test section had an area ratio of 5. A typical area ratios of 7 to 12 are used in low speed wind tunnel designs but lower and higher values are also common (Barlow et al., 1999) . A screen was also installed at the end of test section to avoid material blowing into the circulating fan. The desired wind speed was set and measured before the start of each experiment by an air flow meter (Model no. 922, Fluke Corporation, WA).
Radiation intensity control
Vapor pressure deficit control
Temperature and humidity was controlled by PGC 400-700 CFM vertical conditioner series 9240 (Parameter Generation and Control, NC). The conditioner unit maintained the air temperature and relative humidity levels within 0.1
• C and 0.5% RH, respectively from the set values in the test section. The inlet and outlet of the conditioner unit was connected to the sides of the settling section before the honeycomb and the screen were placed (Fig 1) . The temperature and relative humidity were also recorded at one minute interval by two shielded temperature and humidity data loggers (Model no UX 100-011, Onset Computer Corp., MA) placed just before the test section.
Tray design and automatic weight measurement
The weighing trays were made from galvanized hard cloth with a mesh size of 6.35 mm to provide adequate ventilation during the drying process. The trays were supported by an aluminum frame structure (25.4 mm wide) to provide structural integrity at the bottom. The trays used to simulate different densities had same bottom surface area but different height. The trays measured 0.36 m by 0.25 m in length and breadth, respectively. The height of the tray for low density (LD), medium density (MD) and high density (HD) were 0.1, 0.1, 0.15 m, respectively. At any given time, six trays were randomly placed in the test section with two trays of each LD, MD, and HD. Each tray was kept on a weighing balance (Model no EK2000i, A&D Weighing, CA) which was connected to a computer via RS-232 interface and the weight readings were recorded after every 5 minute interval.
Selection of weather data for drying experiments
In switchgrass, initial moisture content at the time of harvest is above the safe storage limit of less than 18% before frost. After frost, the moisture is reduced to below 10% and thus no drying in windrows is required (Khanchi et al., 2013) . Therefore, weather data was collected from July to November for switchgrass during which drying in windrows is required to bring the moisture to a safe storage level. For corn stover harvest, data was collected for the month of September to November. Iowa Mesonet website (Mesonet, 2015) was used to collect the weather data from the year 1986 to 2013 and for 13 weather stations. Daily average values for air temperature ( ), and solar radiation (Langley) were used to calculate the range of variables tested in the drying study. Wind speed measured at 3 m height will be higher than the wind speed received by swaths lying at the ground level. Therefore, wind speed data was converted from 3 m height to 0.31 m elevation by use of the equation below (Chayaprasert & Maier, 2010) .
Where, Uh is the local wind velocity measured at height h (m), Uref is the wind velocity at a reference height (href) say at 3 m, a, the exponent value, 0.14 represents an atmospheric wind boundary layer in open terrain. The calculated wind speed at 0.31 m height was used to dry switchgrass and corn stover in the environmental chamber. The wind speed was converted again to 3 m height for model development, so that the end user don't have to convert it again during drying time calculations.
Drying experiments A representative sample of both corn stover (41°58'37"N 93°46'14"W) and switchgrass (42°00'37"N, 93°44'43"W) were collected from agricultural farms owned by Iowa State University in Boone, IA. Corn stover was collected and packed as round bales after a single pass harvest operation in which corn stover was directly fed into a round baler without making any ground contact. Samples were collected immediately after the harvest by disintegrating several round bales randomly located in the field. Samples were filled in plastic bags and stored in cold storage at 5
• C until they were kept in the environmental chamber for drying experiments. Switchgrass was harvested using a Vermeer mower conditioner (Model no. MC 840 DiscPro, Vermeer Coorp., Pella, IA) having a cutting width of 3.2 m. Conditioning treatment was not used in 2014 and the harvested switchgrass was packed in plastic bags and stored in cold storage at 5
• C until analyzed in the environmental chamber. The harvesting and sampling schedule is also given in Table 1 . ɫ LD, MD and HD represent low density, medium density and high density trays of biomass.
In case of corn stover, 51 drying experiments were performed of which 27 was used in model development and 24 experiments were used for model validation. A 3 by 3 by 3 factorial design was used with three levels of solar radiation, vapor pressure deficit (VPD) and wind speed as the variables (Table  2 ). The upper and lower level of weather conditions are based on the extreme weather condition recorded during the harvesting period and the middle value was calculated from the average of the extreme values. During each experiment, two trays of each LD, MD and HD were randomly placed in the test section as discussed earlier. Whole switchgrass plant including stems and leaves were cut to fit the dimensions of the tray. No further size reduction was performed on corn stover samples as the highly conditioned sample were easily fitted into the trays. The material density of sample filled in the trays for corn stover and switchgrass is given in Table 1 . The switchgrass stems with leaves and corn stover samples were oriented in direction perpendicular to the air flow. Before each experiment, corn stover and switchgrass samples were taken out of cold storage and brought to the room temperature. Once the desired conditions of VPD, radiation and wind speed were achieved, the samples were filled in the trays and kept over the weighing balances inside the test section. The experiment was stopped when the moisture reached to less than 15% or no change in tray weights were recorded continuously for 5 hours.
Drying rate constant was determined for each tray by performing the regression analysis between moisture ratio and drying time data for each tray in the drying experiments. Moisture ratio is given by eq.
(1).
(1)
Where, MR is the moisture ratio, M is the moisture content at time t, M0 is the initial moisture content, Me is the equilibrium moisture content (EMC). An exponential model was used to fit the moisture ratio data with time given by eq. (2).
Where, k is the drying rate constant (min
) and is obtained by plotting the graph between moisture ratio and drying time. Since the drying time was recorded in minutes, therefore the units of drying rate constant is also given in min -1 in the following sections. EMC was not considered in the present study as the information relating air temperature, humidity and solar radiation was lacking in the literature. Moreover, the error in neglecting EMC is minimal when the initial moisture content in crop is less than 50% (Mujumdar, 2004; Rotz & Chen, 1985) . In the present study initial moisture content in corn stover ranged from 36% to 31%, therefore EMC was dropped from eq. (2) and the model was reduced to eq. (3).
(3)
The drying rate constant obtained for each tray during the drying experiments were used to develop an empirical model that related the drying rate constant with the weather conditions are presented in Table 3 . Regression analysis were completed using Proc Reg in SAS 9.4 (SAS Institute, 2015).
Field drying of corn stover and switchgrass
Corn stover and switchgrass harvesting Corn stover was collected in the field by conventional harvesting as well as modified harvesting technique for collecting stover for biomass utilization. The stover collected by biomass harvesting method had a high degree of conditioning as well as shattering compared to conventional harvesting method and will be referred to as "biomass harvesting" in the following sections. For conventional harvesting a John Deere 9870 combine was used with a 608 C Stalkmaster Model corn head and a John Deere 9860 combine was used for biomass harvest. For switchgrass harvesting, a Vermeer mower conditioner mentioned in the previous section was used and had a cutting width of 3.2 m. Conditioning treatment was not used for switchgrass in 2014. The MD and HD windrows were formed by changing the gap between the windrow forming shields on the back of the mower conditioner.
Field moisture measurement by drying trays and hand grab sampling
For large scale weight change or moisture measurements in the field, steel baskets of different dimensions were constructed. To simulate LD and MD, baskets measuring 2.44 m by 2.44 m by 0.15 m were used whereas, to simulate HD, 1.22 m by 1.22 m by 0.31 m (Fig. 2,3) were utilized . In case of MD trays, biomass was not kept in the outer 1 m width of the tray, giving a resulting area of 1.83 m by 2.44 m on which the biomass was kept for drying to simulate a medium density windrow. The arrangement of the trays of different densities in the field is shown in Fig. 4 . The steel trays were lined by galvanized hard cloth with a mesh size of 6.35 mm to provide adequate ventilation and to avoid material falling through the trays during the drying process. The amount of material utilized for drying was dependent on the foot print of the drying trays. For LD trays, the stover was collected from the 2.44 by 2.44 m area and was filled in the basket by spreading evenly throughout the area. For MD trays, the stover was raked into a windrow approximately 1.83 m wide and the material was filled into the trays by displacing a part of windrow 2.44 m in length. For HD trays, two 1.83 m windrows were merged into a single high density windrow and the stover was filled in the trays by replacing 1.22 m length of windrow into the HD trays (Fig. 4) . The stover and switchgrass laden baskets were then flagged as they visually blended well with the windrows formed during the field operations. The open design of the baskets allowed minimum hindrance to wind flow and the side walls of the baskets helped in preventing material to blow away in windy situations. Two trays of each LD, MD and HD were randomly placed in a plot and weighed two times in a day at 10:00 AM and 4:00 PM until the moisture drops below 15% or it reaches equilibrium with environment. A 453.6 kg capacity load cell (Model no LC 101-1K, Omega Engineering Inc., CT) with a repeatability of +/-0.01% FSO connected to a digital display (Model no. DP41-S-DC-S2, Omega Engineering Inc., CT) was used to measure the gravimetric weight change readings of the biomass trays. A steel frame was constructed to lift the trays. One end of the frame was connected to the load cell via chains whereas the other end was connected to the trays by hooks (Fig. 5) . The tray connected to the load cell was lifted by a telehandler. Fig 5. A typical weight measurement of drying basket containing conventionally harvested corn stover using a load cell attached to a reading scale inside the telehandler When the trays containing biomass were first weighed an initial sample was also collected and analyzed for moisture content by oven drying method (ASAE, 2003) . The moisture content at each time reading was then estimated by the weight at any given time and the initial moisture content of the crop at the start of the study. It was assumed that the dry matter of the tray remained constant throughout the drying period and the change in weight was only due to addition or removal of moisture. Hand grab samples were also collected during the study to supplement and compare the tray dried samples. Hand grab samples were collected at the start of the study and then every day in afternoon at 5:00 PM. Hand grab samples were collected across the whole 0.46 m length of the windrow and the sample was filled in plastic bags and transported to lab immediately for moisture analysis by oven drying method (ASAE, 2003) . During drying days with extremely windy conditions, only hand grab sampling was performed as lifting the trays can blew away part of the biomass resulting in errors during tray sampling.
Environmental and soil moisture measurements during field drying
Weather parameters such as air temperature, relative humidity, wind speed, wind direction, and solar radiation were collected at minute interval by setting up a portable weather station at the field site. Soil moisture below the trays at 1.5 inch depth was also measured twice in a day coinciding with tray weight measurement by using a capacitance type moisture meter (Model no. FieldScout TDR 100, Spectrum technologies, Inc, IL). Air temperature and humidity was measured by two shielded temperature and humidity data loggers (Model no UX 100-011, Onset Computer Corp., MA). Wind speed and direction was measured by wind speed and direction sensor set (Model no S-WSET-A, Onset Computer Corp.,MA) and was connected to HOBO Micro station (Model no H21-002, Onset Computer Corp.,MA) for data logging. The solar radiation intensity was measured by a pyranometer (Model no. LP 02, Hukseflux Thermal Sensors, Netherlands) with a detection range of 285 to 3000 nm.
Results and discussion
Regression equations to predict moisture content of corn stover and switchgrass
The exponential drying rate model and regression equations relating the drying rate constant of corn stover and switchgrass with environmental conditions and swath density are given in Table 3 . Equations were developed for day time and night time conditions. However, for switchgrass an equation for night time condition is presented in this paper and the day time equation will be added after further experimentation. ); ɫ Switchgrass and corn stover drying model is for night time conditions when Solar radiation intensity is zero.
Influence of weather conditions and swath density on drying behavior of corn stover and switchgrass During drying of corn stover, radiation and vapor pressure deficit were positively correlated with drying rate. However, with increase in density and wind speed the drying potential of corn stover was decreased. Therefore, it is recommended that field operations such as wide swath drying should be implemented to yield the benefit of solar radiation during field drying. The influence of wind speed was also dependent on radiation intensity as well as density of swath (Table 4 ). During day time or when radiation intensity was applied, the effect of increase in wind speed was to decrease the drying potential of corn stover. It was observed that when the wind blows through the biomass it carries away some of the heat produced by sun or the artificial light source. The process of heat removal accelerated when the wind speed was increased inside the environmental chamber.
However, increase in wind speed improved the drying rate during night time in case of corn stover but the effect was dependent on density of corn stover (Table 4) . HD swaths of corn stover having a greater height above the ground interacted more with wind and dried faster than LD. This result indicates that HD corn stover windrows will dry faster at night in windy conditions than LD swaths. A field operation such as raking can be used to make narrow and fluffy windrows to intercept more wind at night. In case of switchgrass, the influence of wind speed was not found to be significant during night time. This could be explained by the difference in swath structure of corn stover and switchgrass. Corn stover was highly conditioned and it collapsed in a dense windrow while drying whereas, switchgrass with branches and leaves still attached, formed a well aerated windrow. Any increase in wind speed helped in drying of corn stover whereas, due to already well aerated structure of switchgrass swath, an increase in wind speed had little effect on improving the drying potential at night. 
Model validation
The developed empirical models were validated by plotting the predicted drying rate of corn stover as a linear function of experimental drying rate. The experimental drying rates were obtained from experiments performed on randomly selected weather conditions in between the range of weather conditions used for model development given in Table 2 . A perfectly fitted model will have a slope of 1.0, intercept of zero and correlation coefficient of 1.0 (Khanchi et al., 2013; Wright et al., 2001) . In the present study on corn stover, a correlation of 0.79 was observed with a slope and intercept of 0.7082 and 0.0017, respectively. The resulted error might have occurred during experimentation or model development in statistical package.
Fig 6. A plot between experimental and predicted drying rates of corn stover
Field experiments and observations
In 2014, field drying experiments were conducted on switchgrass and corn stover and the drying behavior is given in Fig.8, 10 , 12. The weather conditions observed during the experiments are also provided in Fig. 7, 9 , and 11. For safe storage of biomass, a moisture content of less than 18% is desirable (Khanchi et al., 2013; Kevin J. Shinners et al., 2007) . However, in case of switchgrass only LD trays reached the moisture content below 18% after 2 days of drying. The MD and HD trays still had about 28% moisture after 3 days in drying (Fig. 8) . During field drying, switchgrass lost and gained moisture during the day and night depending on the variation of RH or VPD of the air. During night, there were several occasions when the RH was above 95%, which resulted in addition of moisture at night. The gain in moisture was more prominent in LD trays as the switchgrass was spread and more exposed to the elements compared to MD and HD trays. However, LD trays quickly lost the gained moisture as the drying conditions were improved.
During drying of corn stover on 28 th Oct, 2014, the average wind speed was close to 8.7 m s -1 (Fig. 9 ) because of which only hand grab sampling was used to measure moisture variations. Field drying baskets had an advantage of providing quick large integrated field moisture observations during the drying process. However, high wind speed caused blowing of biomass from the trays and also created problems in attaining stable weight measurements which limited their use in windy conditions. Both LD and MD swaths of conventional and biomass stover, reached a safe storage moisture content of less than 18% when the measurements were recorded after 6 hours of drying time. However, HD windrows of conventionally harvested stover was around 23% in moisture compared to 17% in biomass harvested stover. Stover harvested by biomass technique was more severely conditioned than conventional harvest, therefore it dried faster than conventionally harvested stover. Conventionally harvested stover dried in HD windrows did not reached at a safe storage moisture content after 3 days in drying. In the second study on corn stover, only the biomass harvested stover reached the safe storage moisture content on the first day of drying. The stover received a small rainfall amount of 1.02 mm at night, which increased the moisture more dramatically in biomass harvested stover. In the morning a moisture content of 42% was recorded in highly conditioned biomass harvested stover dried in LD trays which dropped to 20% at the end of second day. None of the other stover harvested by both techniques and dried in MD and HD reached the safe storage moisture content after 3 days in field drying. The results shows the benefit as well as disadvantages of the conditioning effect and drying in different densities during the field drying period. It can be concluded that drying in LD or wide swaths should be avoided when a rainfall event is expected especially in highly conditioned corn stover. Even a small amount of rainfall dramatically increased the moisture of conditioned corn stover dried in wide swath. However, conventionally harvested MD and HD corn stover was least affected by the rainfall event due to less conditioning and shielded layers of stover. It should also be noted that even highly conditioned stover dried in MD and HD windrows did not reached safe storage moisture and therefore, shows the benefit of wide swath drying to get the maximum advantage of environmental conditions.
Conclusions
Empirical models were developed to predict the drying rate of corn stover and switchgrass based on the environmental conditions and swath density. Separate models were developed for predicting drying rate based on weather conditions during 24 hours period as well as night conditions. The design of environmental chamber used to conduct the drying experiments was also improved to minimize the variation of radiation intensity as well as wind speed. It was observed that increase in solar radiation and vapor pressure deficit improves the drying potential of both corn stover and switchgrass. However, the influence of wind speed was dependent on radiation intensity. During the day time, the effect of wind was to decrease the drying potential of biomass as the wind removed some of the heat produced by solar radiation. However, during night conditions increase in wind speed helped to improve the drying potential of biomass. Moreover, increase in density decreased the drying potential of both crops. During the field drying experiments conducted in October and early November, biomass dried at 100% of cut width dried the fastest and reached safe storage moisture content within a day or two. Further experiments on switchgrass will be conducted to develop a model to predict drying rates during the day time conditions. The models developed during the study will also be validated for drying of biomass in the field conditions.
